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A MODEL FOR THE INTERFACIAL SHEAR IN
VERTICAL, ADIABATIC, ANNULAR-MIST FLOW

M. W. Cappiello
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ABSTRACT

A model is developed for the interfacial shear in upward,
vertical, adiabatic, annular-mist flow. The model accounts
for the momentum of both the dmplet and film components
and is applicable 10 the two-fluid approximation. Three
computer program:. are developed to evaluate the sensitivity
of the droplet drag coefficient on the droplet velocity
calculation. to solve the two-fluid set of equations by
iteration. and to eviluate the required film friction factor
from the data. The results of the sensitivity calculation show
that a constant drag coefficient of 0.44 for the droplet is
sufficient for estimating the droplet velocity over a typical
range of gas velocities. Several film friction factor
correlations from the literature were tested against the
existing data of Hossfeld and Barathan. It was found that a
madified effective roughness correlation propos=d by Wallis
performs the best overall in predicuing the data for hoth
small- and large-diameter pipes. The Electrical Power
Research Institute dnfi-flux correlanon and the Barathan
correlation consistently underpredict the dat. The use of the
Henstock and Hanratty co. relation predicts an incorrect
trend. A new correlauon is developed that better predicts the
data over the enure range of gas injection rates.

NOMENCLATURE

\ianahle Descriotio
\ Velovity tmys)

F Force (N

A Arca (m™)

Mid Force per unit volume (N/m})

Cd Form drag coetficient

¢ Interfacial drag coefficient thg/m?)
Vol Volume (m)

D Duameter tm

p Pressure (N7

& Gravitational acceleratton (nyas)
] Superficial velueny (m's)

f Frictuon factor

k Entraniient trikction

W Weber number

Re Revnolds Number

P Denuty thyymh

M Viscosity (N-s/m?)

o Surface tension (N/m)

r Phase change (kg/s-m?3)

a Area or volume fraction

8 Shear stress (N/m?)

Subscripts

k hase or component

1 Equid

d droplet

f film

[ gas

i interface

P projected

¢ core

w wall

¢ emruined
INTRODUCTION

Computer cades are often used for the analysis of
Light Water Reactor (LWR) abnormual and operational
transients, Because the transients involve rapid
depressurizations and hoiling, the codes must be able to
predict the thermal-hydraulic phenomena involved in two-
phase flow. Many approaches have been taken 1o this
problem. One of the mest successful is the non-eguilibrium
two- fluid approach such as that used in the Transient Reactor
Analysis Code (TRAC).! Here, 1 mass. momentum. and
energy equation is solved for each phase in a Eulerian mesh
scheme that represents the reactor pnmary system. Jor this
upproach, the systemn of eguations is brought to closure
through the equations of state and interfawial constitutive
relations for the exchange of mass, momentum, and energy.
The interfacial constitutive relation in the momentum
equations s often referred to as the imterfacial shear, Itis of
corsiderable importance to scecurately caleulate this term
because 1t can often domimate the momentum syuations ad
directly affect the relative movement and mass fractiom of
the phises

Typical flow rrrimc\ obverved in vernical two phase
flow arc bubbly, huhbly slug, chutn, annulat, and annulin



mist. The annular-mist flow regime occurs at high gas fluxes
that can occur during postulated large-break loss-of-coolant
accidents (LBLOCAS) in pressurized water reactors (PWRs)
and is ofien encountered in the oil and gas industry during
oil reprocessing. and in the transpont of natural gas. The
flow is characterized by gas flowing in the center of the
channe!, an annular film flowing along the wall, and
entrained droplets flowing in the gas core (Fig. 1). The
anuular film 10 gas interface is quite agitated, making it
simiiar 0 a "roughened” surface that might occur in single-
phase pipe flow. The droplets are of a variety of sizes and
shapes so that a multtude of droplet velocities can be presen:
within the gas core,

To accurately model the mechanisms of annular-mist
flow, separaie field equations are required for the gas core
and liquid film because of the large difference in their
respective velocities. In addidon. multiple droplet fields are
required 1o maodel a variery uf droplets traveling at different
speeds. The use of multiple sets of field equations may be
useful in the detailed @ alysis of separate effects
experimental data but can become costly for computation
time in system analysis codes. Also. multiple fields are not
required for the analysis of other possible flow regimes such
as bubbly and chum. Thus, the large. rwo-phase analysis
codes rypically employ the two-fluid approximation!= or
even less rigorous schemes using homogeneous or drift-flux
assumptions. T madel annular-mist flow with the two-
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Fg 1 Representation of annalar mist flow

fluid approximation, one must accept the obvious
shoricoming of using a single liguid field to predict the
bchavior of both the droplets and annular film. However,
one can attempt to predict the total liquid flux and liquid
fraction with a careful development of the interfavial shear
term in the momentum equation. By definition, this term
represents the total exchange of momentum between the gas
phase the the liquid droplet and film components.

The interfucial shear term that accounts for the
momentum of both the droplet and film components is
developed below, This model is restricted, however 1o the
case of upward, vertical, adiabatic, annular-mist flow.

Ishii and Chawla ? formuiate the drag laws for
dispersed two-phase flow. These madels apply to dispersed
bubble flow or dispersed droplet flow. In the case of
droplets, models are given for the drag coefficient taking into
account the effect of droplet distortion from spherical
geometry. Comparisons are made 10 the snlid spherical
particlc drag coefficients and reiative velocity data for
dispersed flow.

In his book. Wallis (Ref. 4, Chap. 11) presents
analysis methads for annular flow. The steady-state two-
fluid momentum equation is presented. A correlation for the
film interfacial friction is presented based on small-scale
(0.0254- 10 0.(762-m-diam) pipe data. This correlaton is
also presented in a modified torm 1o account for the
increased density of the gas core resulting from the presence
of droplets and the fact that the filin at the interface is moving
in relanon to the mass average Jilm velocity,

Kataoka and Ishii® discuss the mechanism for droplet
entrainment and provide a correlation for the equilibnum
entrainment rate for the case of annular-mist flow. The
madel is correlated aginst small-scale daw.

Sami® develops a three-fluid nxxdel for annular-mist
flowm. Separate conservation equations are written for the
vapor., liquid film, and a single droplet field. Entrainment
rates, annular film friction, wall friction, and droplet drag are
deternuned using correlations from the literature. The mudel
15 assessed against large-diameter annulur-riust data
(0.125-m “iam) and shows good compansons,

Popov and Rohatga 7 compare existing correlations for
the interfucial shear stress, entrainment inception, and
entunment rate with available floding data A steady state
two-phise flow nxadel is developed. The formulation
conaists of a separated flow analysis of the hguid film and a
gas droplet nivture  The gas-droplet mixture in the pipe
core 1 treated with the drft flun approximanon.

Harathan, Wal'iv. and Richter® comrelate the interfacial
fncton in looded anr water countercurrent flow as i
function ol the dimensionless film thickness und pipe wize
The model v assessed agionst data in pipes up o 0182 m
diam

Henvtoch amd Hanrany? develop a correlation for the
mterfaal fncnon of the annular film and the bim thickness
i anpular two phase flom - Both honzontal and verucal
fow data are used



Ishii and Mishimal0 develop the detailed wo-fluid
model for full three-dimensional analysis. The one-
dimensional model is developed using area averaging. For

annular-mist flow, the Wallis correlation is recommended for

the annular film fricion factor. Dispersed droplet drag
coefficients are given for both sol:2 spherical parucles and
distorted droplets.

Hossfeld and Barathan!! present the experimental data
for vertical upward annular-mist flow in (0.051- and 0.152-
m-diam tbes. Various interfacial friction models are
assessed against these data and the data of other
experimenten.

Kataoka, Ishii. and Mishima!? develop a model for the
size distribution of droplets in annular two-phase flow. A
correlation is recommended for the volume median diameter,

Chexal and Lellouche!? present a full-range dnti-flux
correlation for venical flow ». Comparisons are made against
a wide range of data including the annular-mast regume. The
data include open channel daw (up 10 0 457 mand pin
bundle geometry. The data considered are "wet wall” where
the heat flux from the surtace 1s lower than that required for
CHF 10 aveur.

Chexal. Horowitz, and Lellouche ¥ provide an
assessment of eight void fraction models for vertival flows,
Quantitauvely, the Cheal- Lellouche mude] does the best
overill. All madels perfonn reasonably well for the
condiuons for which they were developed.

The review of the Iiterature for annular-nust flow
show s that the Wallis comelanon, the Henstock and Hanraty
correlation, and the Barathan correlaton are hkely candidates
for assessment against the data  In addition, the EPRI dntt-
flux madel 1s appropnate tor tesung. although this will be a
separate companson siite¢ it cannot be used directly with the
two- fTuid approsimation

ANNULAR-MIST FLOW

Anrular-mist two- phase flow 1y charactenzed by a
liguid film tlowing along the wall and a gas core with
entained droplets (hig I The surface of the hyud film s
highly apiated wath droplets being sheared oft and entrained
into the gas core. Droplets inherently ofter more drag and
quichly approach the velooiry of the ga Since they alwo
inclde a angential component to their velociy, the droplets
will eventually strihe the film and redeposin - At steads,
equihbnum conditions, the entraintient rate and the
deposition rates are equal  Correlations tsuch s Ishir's)
eniv tor the equibbrum entrimnment “The droplers can take
on a vanety of vizes and shapes, thus attecting the drag
The mean diameter of droplets has been corelated by
Kataokha,* and the cltect of the shape on the intertacial drag
has been when into account by khin !

F-or the purpose of this analvais of annular mist flow,
the tollowing detimitions and relanions ate given (wath
reference o big 4

b,
t annular tilm
d  droplen

g : gas
1 : liquid
¢ : core (contins hoth droplets and pas)

Fluid Velocitiey:

Vi : massaverage film velocity

V4 : mass average droplet velovity

Vg : mass average gas velocity

V| : mass average liguid velocity (droplets and
film)

Arsa Froctons:
Af
af = , film
ag =-x . droplet th

Qg =2 . g

2 >> >iZ

u = 2" . liqud (contains both droplets and film)

where A is the total flow area of the channel and A i the
area oceupied by the field (i.e., drops or film).

it =V film
W =wiVd | dropla (N
g = aqVe Lo
No=wNT | hguid

]:!IIIIIIL’DI"HI:IJIEIIDIJEIH
: 'Id
L ‘jl . (3

Nute by this defimtion that. if the entraiment traction has a
value of 1.0, there can still be ¢ substantial amount of hgnd
film hecause the droplet veloeity is usually mnch greater than
the hquid film velociny - My the delimtions of the wed
fractions, we have

I!-'l ) (BT

wy + ) + L I
Also, trom the detimtions of the supertical veloenty, a
phasic mass low may te obtuned trom the mulaphicaton of
the superficial veloaty umes the phasic densny tnes the
total arei of the channel

MODEL DEVELOPMENT

Following the deselopme wtof Ishi ' By S5 ginep
{or the conservation of momentum m maluphase tow for the
kit phase
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The two tems on the left-hand side represent the temporal
and spatial acceleration. The fint term on the right-hand side
is the pressure drop. the second term is the drag a1 the
interface, the third term is the momentum exchange resulung
from a change of phase (boiling or condensation), the fourth
term is the wall drag. and the last term is the acceleration
resulting from gravity. 1t is noted that the pressure within
the phases is assumed to be the same so that no k subscript
appears 1n the pressure drop term. Because we have
restnicted ourselves 10 adiabate, vertical. one-dimensional,
co-current, steady flow, the following simphfications are
made:

steady

fully developed. TV =0
incompressible

ahiahatic. no I'=0
phase change

one-dimensional, V=5’, CEE R

verucal \.k =V

co- current l\'kl =

If these terms are combined and muluphed through by the
phasic area traction tmes the phasic density, the A phise
momentum equation becomes

ip s e e
w td: = 21V - Gy o . o

From this equation, the o and thiee flund approvimanons
to the problem of annular -mist flow are developed

Substituting 1 and g
subsorpts Im the hqmd .md Las phases, respectively. into
Ey 161 we obtain the tollowing relations for the momentum
equations

de . \..‘ . \..‘ Lol 7
U dl (.I (\.|| alplg, . 7
amd
i e v
u, ““ ( l\' ( ”.\ PR LM (X}

The signs on ihe interfacial drag temm arise because a drag
force on the vapor phase provides an equal but opposite
pulling forve on the liquid phase. Itis noted that the absolute
values of the relative velocity can be removed because of the
assumption of co-current flow and that for the condition:. of
vertical up flow, Vg > V).

By using the two-fluid approximation it is inherently
assurmed that the liquid has only one velocity. In many two-
phase flow situations, this is a reasonable assumption.
However, it is obvious that for annular-mist flow, the
droplets flow at a velocity closer 10 the vapor vclocily and
the liquid film velocity is much lower. Therefore, as
proposed above, it is necessary to develop an interfacial drag
term that can represent the momentum of both the liguid film
and droplets. To do this, we first need to consider the three-
fluid approximation.

Ihree-Fluid Approximation, For the three-fluid
approximation, the gas field, liquid drop.¢1. and hiquid film
fields are considered. For the hquid droplets. the
momenium cquation becomes

P a
ay ?i_z = Cu(Vy - Yy - aapjic 8]

where the relative velovity for the interfacial drag term is the
difference of the gas and droplet velocities. Also, there is no
wall drag term because the droplets do not contact the wall.
For the liquid film, the momentum equation becomes

dP , )
aj g, =CutVg- V2 -CwVy - appec . (1)

where the relatve velocity for the interfacial drag term is the
difference between the gas and hquid film velociues. Here,
the film is in contact with the wall, so that the wall drag tenn
is present. We recognize that equations 9 & 10 can be
cembined and set equal to the iiguid momentum equaton
[Eq. (7)) from the two-fluid approximation bevduse

m:’!r = (“d"(ll'?ll’ . (rn

Therefore, seting the right hiand side of Eg (71 equal w the
sum of the hquid droplet and hguad film mamentum
cquations unﬂ solving tor (1, the gravitational terms cancel,
and we obtain,
. bl
CatVy -Vt + CpeVe V2 4 Cutvy? - vy
1 '

\

(M

Thus, the total interfacial drag coetficient. €. can be
caleulated trom the individual drag wenns tor the droplets and
the liuad film, plus the difference in the wall drag e
[ora grven gas veloeny and hquid velocity, Ccan be
vitleulated from the above equation 1t Cigp, Cryg, Vg, and Vy
are known The tollowing sections des elop the methods for
determimng the . guantities and brng closure to kg (1)

The entrunment traciion s an intepral part of the
solution for the Tigguid (il and diopler fractions and the ftim



velocity (which is determined from conservation of mass).
Kataoka and shii® propose a cotrelation for the equilibrium
entrainment in annular-mist two-phase flow. Atequilibrium,
the entrainment of droplets into the gas core exactly matches
the raie of deposition of the droplets from the core onto the
liquid film. Thus, the amount of entrainment is defined as in
Eq. 4 and varies between 0.0 and 1.0. Kataoka and Ishii
correlated several sets of data and provide the following
relation.

E = tanh(7.25 x 10-7 Weq!-23 Rej 0-2%) | (13)

where the liquid Reyvnolds number is given by

jjD
Rejm 205 (14)
|
and the droplet Weber number is
' | )
“"ed = M(ﬁ}g)l'l . (1%
o Pe

where Ap = p| - p; -

As shown in the correlation, the entrainment varies with the
2.5 power of th= gas velocity. Thus, as the gas velocity
increases, the enwrainment, E, reaches a value of 1.0 quickly.

Kataoka, Ishu. and Mishimal? propose a correlation
for the volume mean diameter of dropiets. The mechanism
assumed for the generation of the dropleis is that of snewing
from wave crests such as produced in annular-mist flow.
The droplet diameter is given by

2 . 2 pg 1
-"—'(-’1 m.m.ﬂmh) 'qu U m| .
(N Hi |

Dy =
(16)

Here. the correliton shows an inverse dependence on the
gas veloonty. Thus, as expected. as the gas velocity
incredses, the droplet diamweier s reduced. The range of data
that was used 10 pridduce the correlanon contained measured
diumeters from O OOOONS to O m In ihe use of this
correlat wn, the valculated diameter is lamited to ths range.

The averiage velm ity of the droplets in the upward:
moving gas stream can be estinated from a forve halance,
Assurming stearls condibiony, the form drag on the droplet is
balanced with the torve of gravity,

L et 1
CogUlpeVe Vo'l e Apgoamly . aD
Sulving for Vy,

Jonts A Dy
e e, (1K

where Dy is the droplet diameter and Cg is the form drag

coefficient. Ishii and Chawla® recommend a form drag
coefficient from the following correlation:

Ca -‘f—:du.o»,o.medo-”) . 19)

where the droplet Reynolds number is given by

Rey = D0PalVa- Vel (20)
Km
and the modified viscosity is
- . 20
b 0 ag?s

By increasing the gas viscosity this correlation takes into
account the increased drag on the non-spherical shape of the
droplets.3 Also, by using a modified viscosity, the droplei-
to-droplet interactions and the existence of a multitude of
droplets in the channel are accounted for.

The combination of Eqs. (18)-(21) provides a method
for calculating the droplet velocity. However, because the
drag cocfficient is dependent on the Reynolds number,
which in turn is dependent on the droplet velocity, the
equations must be solved by iteration. To avoid performing
the iterative solution, one can make a rough estimate of the
droplet velocity by assuming a spherical let that is
unaffected by the presence of the surrounding droplets.
Bird, Stewan, and Lightfoot!$ recommend a constant drag
coefficient of 0.44. In this case, the droplet velocity be-
comes

Vg = Vg - 2462 (-::—"&- Dy @2)
[

To determine the relative sccuracy of the above
equation to the more dewailed model, a computer program
wis written to solve Egs. (18) (21) by iteration and compare
them to the droplet velocity given by Eq. (22). For u given
area fraction of droplet and gas velaeity, the droplet diwmneter
is first calculated with Eq. (10). Then, Egs. (18) (21) are
solved by itezation for the droplet velocity using bisection,
This is carmied out for a variety of vapor veliwities. The
results for a void fruction of 0.95 with air-w ater and gus
velwities ranging from 20 (o &0 mys are given in Fig, 2.
The duTlel velocity using the more detiled 'nodel ﬁ-:q.s.
(18 (21)] is shghtly lower than the spherical droplet nwdel
[Eq. (2)] at the low gas velocities. "This 1s consistent with
the drag coefficient, which is lower than (1.44, At about 28
nvs, the two neadels give the same drag coefficient and
therefore predict the same droplet velocity. At the higher gas
flowy, the deunled nedel gives a higher drag coctficient amd
therefore predicts a higher droplet velocity, The sensitvity
of the droplet velovity 10 the drag coetficient is relatvely
smiall because the droplet velouty is proportional w the
inverse of the square root of the drag coetficient [Eqg. (14)].
Caleulanons at other void fracuons show similar resuls, and
n peneral the simphhied approach gives resulis within 2 5%
of the detailed approach. The numencal iteration was
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Fig. 2. Droplet velocity cunparison.

rformed to an accuracy (difference in soludon value
tween successive iterations) of less than 0.1%.

The film velacity can be estimated using the continuity
equation for the liquid and the definition of entrainment. The
flow of liquid is equal to the flow of droplets plus the flow
of the film. This can be writen in terms of the superficial
velocites because the density of the droplets and film are the
same. Combining the definition of entrainment [Eg. (3)]
with the defimtion of the superficial film velocity [Eq. (2]
and solving for the liquid film velocity, we have

Vt--Jlu-E). (*X})
uy

This relationship is somewhat disturbing in the fact that
as the entrainment fraction approaches 1.0, the liquid film
velocity approaches (.0 even though there may sull exist a
substanual amount of iquid film (Eg. 3). A simple fix 1o
this problem is to correlate the enrainment data with a new
definion for entainment, that 1s the wea fraction of droplels
divided by the area fracuon of liguid.

Following the development given by Ishii and
Chawla,? the drug forve on the droplets balances with the
total pressure drop  From the definition of the droplet form
drag and the droplet momentum equation the interfacial
droplet drag coefticient iy

1
s agpeCy

Cua =
To determune the interfacial drag coefficient, estinates are
reguired for the drop dianeter, the area tracuon of droplets,
and the droplet drap cocthicient ‘The droplet diameter is
given by Eq (1), the droplet drag coetlicient by Eq (19,
the area traction of droplets from the definition «f
entruinment by by (), and an entrinment correlation by

Eg. (13). The droplet velocity can be obtained using the
iterative solution 1o Egs. (18)-(21) or with Eq. (22) directly.

To determine the interfacial drag coefficient, Cif,
required for the film momentum equation, we integrate the
shear stress at the gas core to film interface over a given
length, thus providing the contribution of ihe intertacial drag
on the film as a functon of the pressure drop.

Using the definition for the film shear stress, and the

diameter of the core region, the interfacial drag beiween the
film and gas core is given by
12
Ci = HiPel@gr 0 (25)

where the core density is typically approximated by using the
density of the gas. However, for the modified Wallis
correlation (sec below), a density estimate is made that
includes the effect of droplets flowing with the gas:

. agVgpg + 0aVap)

(26)
u‘v' + advd

Pc

Because the liquid density is typically 200-500 times the gas
density, & small increase in the droplet fraction can ha'e a
significant effect on the core density. This method of
estimati g the core density is also recommended by

He ~itr!

To solve for Cig, the inierfacial friction fj is required.
Several correlations for this term exist in: the lirerature. For
this study. four comrelations are tested: Wallis, modified
Wallis, Henstock and Hanrauty, and Barathan.

Wallis4 proposed two correlations for the interfacial
friction: a simple correlution with constant coefficients and a
more detailed correlation, For the purpose of compari.un,
we refer 1o these as the Walhs and modified Wallis
cormrelations, respectively,

The Wallis correlation is given hy

fi = 0.005(1 + 75 ap) . Qn

This correlation is analogous to the wall shear equation for a
pipe. including the effect of roughness. The constant 0.008
represerts the smoath tube frictior. It is theorized that as the
liquid film fraction increases, waves build up and efTectively
increase the roughness of the interface, therehy increasing
the interfacial friction.

Ay an improvenwent, Wallis offered a madified version
of this simpie corrclation to aceount for the increased density
of the gas core, variable smooth tube frition, and the
upward movement of the liquid gas core interfuce (which
reduces the relative velocity hetween the core and film):

T, o« AV 2V, (2K)

fi = QO79Re, P25 (14 7S5 ap | and (29)



« DipgVeag + p1Vaag)
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Barathan® developed a correlation for countercurrent,
annular-mist flow. In this case, the vapor velocity was
sufficiendy low that the film flowed downward. Although
this situation is different than the co-current problem being
considered, it is advantageous 1o tes! this correlation because
the mechanisms are similar and the effect of pipe diameter is
included. The correlauon is given as

fi = 0.005 +A 8B an

where A, 5* and B are functions of the fluid conditions,
velocity and the pipe diameter. Because the correlation is
developed for couniercurrer flow, a relatvely higl,
interfacial friction is expected.

Henstack and Hanrany propose the following
interfucial friction correladon for co-current flow:

f; = f(1+ 1400 F) , (32)

where fy and F are functions of the fluid properties and the
gas and liquid velovities.

To determine the wall drag contribution, we define a
relationship for C, k. where k refers to either the gas or the
hquid film. These terms are muluplied by their respective
V=5 in the two-fluid momentum equation. A relation for
Cuk can bhe developed 1n the same manner as the film
interfacial drag coefficient. Performing a momentum balance
at the wall we find

A
Cur == “[-;--“—" . (33)

The wall frctic:. tactor s given by

n
fuk = Re, (A

for laminar flow and
fur = 036 Re, "7 (as)
for turbulent flow.

In the case of annular fiow, the gas 15 never 1n contagt
with the wall, and theretore the gas wall drag term can be
ehiminated However, Lin!™ has shown that a munimum film
thichness exists at which point iivulets form In this case,
the gas can come in contact with the wall and add w the wall
drag term o tahe this eftect into account, an ad hov
weighung factor is des eloped that is apphied 10 the respecuve
wall drag terms.

2l“£'|. i s
. B¢l WERIV) . and (6)

Eits phase Cyy B

- _ _ 2wy
liquid phase: Cy) = D (WFRIV) , (37)

WFRIV = ar - (38)
max(ay, 'B"')

The value of fimijp is the minimum film thickness and
is taken 1o be 0.0001 m, based on enginecring judgment.
The use of the miofLD“‘ in the denominator of the equation
abave is consistent because for thin films, the liquid film
fraction can be approximated by the film thickness divided
by the diameter. As the film fraction decreases below the
minimum film thickness, the use of WFRIV allows the wall
drag from the gas to phase in and the wall drag from the
liquid 10 be phased out in a continuous manner.

For given superficial gas and liquid velocities, it is
desired to calculate the total liquid fraction using the two-
fluid momentum equations so that comparisons can be made
to the data. A control volume approach is used, eliminating
the need for spatial discriminaton. By combining the liquid
and gas momentum equations {Eqs. (7) and (8)]. the
following balance equation results:

2 2
0= C,V: - agc‘lVi + alc“'SVQ - aualApgc . (39)

Because the coefficients are dependent on the various area
fractions and field velocities, the above equation is
manscendental and requires an iteratve solution for the liquid
fraction. A utility program has been developed to solve the
equations and assess the various film drag models. For the

dat. comparison the total liquid fraction. a], was solved for
by iteration to an accuracy of 0.1%.

The data of Hossfeld and Barathan were chosen for the
assessment calculations because pipe diameters of (L05S1 m
and 00.152 m were both tested. The experimental setup
consists of a vertical test section, with inlet and outlet
plenums attached. Air and water are forced into the bottom
of the test section and allowed to flow vertically upwards,
The data are presented for the total liguid fraction
(representing hoth the droplet and film componentsy in tenns
of the dimensionless gas and liguid velocities. These are
defined as

'. _Bx_
.= jpl-- -2 | and (40
¥ bap
[ ]
EDAp

For a paricular hyquid injection ratc (dimension)es:
hqguid velocity ), several gas flows were tested  For each set
of conditions, the liquad fraction was measured after the
tlows had reached steady state.



RESULTS

For the initial comparisons, a single data set was used:
0.152-m diam and j¢-star (dimensionless superficial liquid
injection raie) of 0.067. The results are ploried as the liquid
fraction vs the dimensionless superfic: | gas velocity (jg-
slar). As expecied the data shows that as the gas flux
increases the total liquid fraction decreases as the film
thickness decreases. Although the droplet entrainment
increases, the total liquid fraction is dominated by the film
component and therefore decreases with the higher gas flux.
The result using the Wallis correlation is given in Fig. 3.
The data comparison for the modified Wallis correlanon, the
Henstock and Hanratry correlation, the Barathan correlation,
and the EPRI drift-flux model are shown in Figs. 4-7,
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Fig. 3. Liquid fraction comparison. two-fluid solution
using the Wallis correlation and limiting the
entrainment to 0.8.
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Fig. 4. Liquid fraction comparison using the madified
Wallis correlation,
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Fig. 5. Liquid fraction comparison using the Henstock and

Hanrany correlation.
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Fig. 6. Liquid fraction comparison using the Barathan
correlation.

respectively. In all the figures, the data are shown as
unconnected circles.

As noted in the figure captions, we have limited the
entruinment fraction to a value of (.8. This was the value
observed in the datw although the authon have prescribed no
quantitative accuracy to it. Restricting the entrainment
fraction was necessary to avoid the inconsistency that was
noted above. That is, as the entrainment fraction approaches
1.0 the film velocity approaches (.0 (Eq. 23), but there may
still be a substantial amount of liguid film (Eq. 3). The
entrainment correlation that we use (Eq. 13) appears to be
difficient for this case as it predicts an entrainment fraction of
1.0 for moderate gas flux whe:eas the duta suggest a
maxinwum entrainment of (LK. Thus, the entrainment way
restricted to this value.



Fig. 7. Liquid fraction comparison using the EPRI drifi-
flux model.

The Wallis correlation comparisor. (Fig. 3) showed
good agreement in the mid- and high-range of the gas
velocities but cotnparisons at the low values. Use of
the modified Wallis correlation (Fig. 4) shows a slight
improvement at the low range of gas velocities and maintzins
the excellent comparisons in the mid- and high-range of gas
velocities.

The Henstock and Hanratty correlation (Fig. 5)
mﬂuus an incorrect trend when compared with the data.
functional form of the correlation shows that as the gas
velocity increases, the overall fm interfacial friction factor
decreases. This causes an increase in the liquid fraction with
increasing gas velocity. As demonstruted in the comparison,
the data show the opposite trend.

‘The Barathan correlation (Fig. 6) underpredicts the
data over the entire range. This result was expected becavse
this correlation was developed for conditions of
countercurrent flow, rather than co-current as is assumed
here. Thus, the predicted interfacial friction is too high,
which in turn causes less accumulation of liquid.

The EPRI model (Fig. 7) is shown to underpredict the
data through most of the range of gas velocities. Although
the correlation is quantitatively deficient, the correct trend is

predicted,

From these initial comparisons, it appears that the
modified Wallis correlation provides the overall best
prediction of the data. An assessment is made with the
madified Wallis correlation against the other data provided
by Hossfeld and Barathan, parisons with the small-
diameter data show a good prediction at the low liguid
injection rate. but an underprediction of the liquid fraction
data at the high liquid injection rates.

Solving for C, in Eq. 39 (given the liquid fraction, gas,
and liquid fluxes as input), we can calculate the reyuired film
friction factor using the data values for the liguid frctic’ and
gas and hquid fluxes. No iteration is required. A program
was written to do this with the five data sews previously
chosen (three sets for the 0.031-m-diam and two sets for the

0.152-m-diam pipes). We assumed that the mixture
Wopuﬁesmusedfonhegnsmuisusedinlhenndiﬁed
allis correlation. The trend in the data shows an increasing
friction factor as the liquid fraction is increased. Also, the
data seem 1o indicate that the friction factor is relativel
independent of pipe diameter. Using a least squares fit and
the independent variable as the liquid film fraction a resulting
carrelation for the film friction factor is developed

f; = 0.0033 + 00144 ar + 204040f . (42)

U::\_? this new correlation and the assumption that the
interiace travels a1 the speed of the mass average velocity,
the prediction of the liquid fraction data is improved. The
comparisons for the two large-diameter cases and the small-
diameter cases are shown in Figs. 8-12. The new
correlation is shown to provide & berter prediction of the data
for all the data sets, especially for the small diameter.
However, it i< recognized that this correlaticn was developed
with a very limited set of data and is restricted in its
application. The author needs to correlaie a wider range of
data (down flow, steam water, etc.) in the future using a
similar procedure before it is acceptable for use in a large
sysiems code such as TRAC.

In conclusi- n the results show that when used with the
two-fluid model, the modified Wallis correlation performs
the best overall in predicting the liquid fraction data
assumung that we restrict the entrainment fraction to what
was observed. The Hensiock and Hanranty correlation is
shown 10 predict the incorrect trend, and both the Barathan
correlation and the EPRI drift-flux medel underpredict the
data A ncw correlation was developed for the interfacial
film friction that in conjunction with the other model
assumptions provides good agreement for both large and
small pipe data At large liquid injection rates, however, the
prediction is still deficient. Future work is recormmended to

rform a detailed investigation of the core-to-film interface
1n the hope of developing a better interfacial film friction cor-
relation that can better predict the data over a wide range of
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Fig. 8.  Liquid fraction comparison using the new
correlation: (.152-m diam and & dimensionless
liguid injection rate of (.067.



diameters. Future work should also extend the development

1o downflow, steam water flow and other geometry if

possible. Based on this work it is therefore recommended

that the modified Wallis correlation be used in two-fluid °

system analysis codes such as TRAC. " 1
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Fig. 11. Liquid fraction comparison using the new
correlation: 0.051-m diam and a dimensionless
liquid injection rate of 0.153.

Fig. 9. Liquid fraction comparison using the new

correlation: 0.152-m diam and a dimensionless .
liquid injection rate of 0.134. .
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P e Fig. 12. Liquid fraction comparison using the new

correlation: 0.051-m diam and a dimensionless
liquid injection rate of 0,394,

Fig. 10, Liquid fracuon comparison using the new
correlauon, (0 0S1-m diam and a dimensionless
liyuid injecuon rate of 0.076,
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